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Fig. 2 The dispersion measures (DMs) of Galactic radio pulsars, Galactic rotating radio
transients (RRATs), radio pulsars in the Small and Large Magellanic Clouds (SMC & LMC),
and published FRBs, relative to the modeled maximum Galactic DM along the line of sight
from the NE2001 model (Cordes and Lazio, 2002). Sources with DM/DMmax > 1 are thought
to originate at extragalactic distances and accrue additional DM from the intergalactic medium
and their host galaxy. This figure is based on an earlier version presented in Spitler et al. (2014).

of this review, the known population of FRBs consists of more than 60 independent
sources detected at 10 telescopes and arrays around the world2 (Petro↵ et al.,
2016). The observed population spans a large range in DM, pulse duration, and
peak flux density, as well as detected radio frequency. Two sources have been
found to repeat (Spitler et al., 2016; CHIME/FRB Collaboration et al., 2019a)
and over 10 have now been discovered in real-time and followed up across the
electromagnetic spectrum (Petro↵ et al., 2015a; Keane et al., 2016; Petro↵ et al.,
2017a; Bhandari et al., 2018). The properties of the observed FRB population are
discussed in §6.

The estimated rate is roughly & 103 FRBs detectable over the whole sky every
day with large radio facilities (e.g. Champion et al., 2016). Even for a cosmological
distribution, if FRBs are generated in one-o↵ cataclysmic events their sources must
be relatively common and abundant. The redshift distribution is poorly known;
however, the rate is higher than some sub-classes of supernovae, although lower
than the overall core-collapse supernova (CCSN) rate by two orders of magnitude.
A more detailed discussion of the FRB rate is presented in §7.

At the time of this review the progenitor(s) of FRBs remain unknown. Many
theories link FRBs to known transient populations or to new phenomena not

2 All published FRBs are available via the FRB Catalogue (FRBCAT) www.frbcat.org.

Fast Radio Bursts
• Extragalactic pulses of observed 1-50 ms duration 
• “coherent” with brightness T ≫ 1030 K 
• Multiple repeaters - FRB 121102 and CHIME repeater(s) 
• Isotropic equivalent energy of >1037 erg 
• Some exhibit high polarization (some linear, some circular, FRB 121102 is 100% 

linearly polarized)

Petroff, Hessels, and Lorimer  (2019)



Figure 7. Pulses detected from the first 30 minutes. The asterisks * indicate that the pulses have already been reported in Gajjar et al. (2018). For all plots, time on the
horizontal axes indicates seconds since the start of observation. The frequency on the vertical axes is in GHz. Numbering on the top-left corner of each panel
corresponds to Table 2. In cases when multiple pulses are shown in a panel, the numbering is in order of arrival time extrapolated to infinite frequency.
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Figure 8. Detected pulses (continued). Same as Figure 7. Note that pulse morphologies vary and degree of visibility in the plot is subject to the frequency and time
resolution shown.
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emission. These include propagation effects such as lensing or
acceleration effects at the source. We do not confine ourselves to
specific models at this stage and simply model the effect of all
perturbations in the effective uncertainty σt. Another main
challenge is the (unknown) number of missing pulses. The
observed pulses vary greatly in energy as well as frequency
structure. This means that in searching for an intrinsic period, one
must assume that there are an unknown number of unobserved
pulses, where again potential causes include pulse energy below
the detection threshold or pulse peak frequency outside the
detection bandwidth. Since the total number of detections is fixed,
the number of missing pulses translates directly into the value of
the candidate period tp. As we shall see, the ratio of these two
quantities α=tp/σt is an important parameter in period detection.

5.4.1. Hypotheses of Periodicity

We construct two hypotheses:

1. H0: The TOAs are not periodic with any period.
2. H1: The TOAs are periodic with some period tp and

uncertainty σt.

To quantify the significance of a candidate period, we are
interested in the confidence of rejecting H0. To address the
confidence of aperiodicity, we are interested in the confidence
with which we can reject H1.
There are many ways to search for periodicity in timestamps,

including Fourier transform, autocorrelations, and histograms
of separations.23 However, the sensitivity of these methods
tends to be poor when a large portion of the events are missing
from detection. Here we follow a procedure similar to the one
in Li et al. (2015), where the authors show that their method
outperforms the aforementioned ones in a wide range of cases
where the observation is incomplete.
To proceed, we fold the TOAs with a series of trial periods.

If tp is a period that fits the data well, the folded pulse phases
would show a strong unimodal deviation from uniformity. We
construct the specific hypotheses for a given trial period:

1. h0(tp): The TOAs are not periodic with tp. The folded
pulse phases are not unimodally distributed.

2. h1(tp): The TOAs are periodic with true period tp and
uncertainty σt. The folded pulse phases are unimodally
distributed.

One cannot test an infinite number of trial periods. The list of
trial periods should cover the range such that the closest period
to the true period has an error that, when propagated to the end
of observation (Tobs), is less than the assumed uncertainty in
TOA (σt):
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Figure 5. Distribution of intervals between consecutive detections, compared
against Poissonian expectations. Shown are histograms from all pulses (blue),
pulses from the first 30 minutes (red), and the 15 pulses with the highest
fluence. The bars are shown side by side for visual clarity, while the actual bins
completely overlap, with constant bin widths of 20 s for all histograms. Only
intervals less than 300 s are shown. The skew toward the tail end indicates
clustering of pulses missing from detection.

Table 3
Top Scoring Periods from 2 ms to 1 s

log2 t msp[ ] R̄ P R R H0<( ¯∣ )
1 2.169175 0.341 0.817
2 5.127793 0.326 0.801
3 10.141185 0.308 0.723
4 17.622554 0.321 0.925
5 48.142379 0.291 0.814
6 72.433702 0.230 0.235
7 132.477494 0.263 0.823
8 276.327420 0.300 0.975
9 568.577720 0.170 0.176

Note.The ith row is the top scoring period in the range [2i, 2i+1] (ms). The
second column shows the candidate period in milliseconds, the third column
shows the mean resultant radius, and the last column shows the confidence with
which the period rejects H0 (before correcting for multiple testing).

Figure 6. Cumulative distribution of R for 93 pulse phases given that tp is a
true period, as a function of the parameter α=tp/σt. Larger α means less
perturbation in the TOAs, thus a distribution toward higher R. The two black
curves trace out values of 0.95 and 0.99. Any best-fit period that lies above the
black curves can be excluded with 99% confidence. Scatter points show best-fit
periods from Table 3. The vertical line shows R=0.33, a rough upper bound
of all R from the observed TOAs. At its intersection with the confidence
contours, we exclude any periods larger than 5.1σt with 99% confidence, as
indicated by the shaded region.

23 We display such histograms in Figure 5, but here we are interested in
behaviors on much shorter timescales.
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Arrival times are non-Poissonian

Log character of arrival times suggestive of multiplicative 
trigger with “memory” of previous events or states 
→ “sandpiles”, earthquakes and reconnection-like processes

Zhang+ (2018)
Wadiasingh & Timokhin (2019) 
(data from Zhang+ 2018)

Arrival times of pulses are independent of the emission mechanism, and 
probe the trigger in the progenitor
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each iteration (i) we measured the duration ðT90; iÞ. The sim-
ulated durations ðT90; iÞ were normally distributed, and the
mean of this distribution, ðT90; sÞ, allowed us to calculate a
correction factor FD # 1 $ T90; m=T90; s. The corrected T90
distribution is shown in Figure 4. The best-fit mean is 99.31 ms,
with a range of 14.4–683.9 ms for one standard deviation.

3.1.6. Burst Waiting Times

SGR waiting times (!T ), defined as the temporal sepa-
rations of adjacent bursts, are found to follow lognormal

distributions (GöğüY et al. 1999, 2000). We measured the
waiting time for the 1E 2259+586 events, excluding those
interrupted by Earth occultations. Figure 10 displays our !T
distribution with the best-fit lognormal model as determined by
maximum likelihood testing. The best-fit parameters are a
mean of 46.7 s and a range of 10.5–208.4 s for one standard
deviation, with reduced !2 ¼ 0:6. We find no correlation be-
tween the burst energy or duration and either the waiting time
until the next burst or the elapsed time since the previous burst.
Note, however, that the burst rate clearly decreased during

the observation (see Fig. 1). This is made clear by the bottom
panel of Figure 10, which shows a correlation between the
waiting time (!T ) and the burst peak time (tp). We fit this
correlation to a power-law model using least-squares fitting,
which reveals that !T ¼ 0:11t0:81p . This correlation implies
that the mean of our waiting time distribution depends on the
time at which we started observing the outburst. We find no
correlation between the burst energy or duration and when the
bursts occur.

3.2. Burst Spectroscopy

3.2.1. Individual Burst Spectra

Spectra for each burst were extracted with the 256 spectral
bins over the PCA range grouped by a factor of 4, in order to
increase the signal-to-noise ratio per spectral bin. The same
background intervals selected in measuring T90 were used in
the spectral analysis (see x 3.1.2). In all spectral analyses,
energies below 2 keVand above 60 keV were ignored, leaving
on average 33 spectral channels for fitting. The regrouped
spectra, along with their background estimators, were used as
input to the X-ray spectral fitting software package XSPEC.6

Response matrices were created using the FTOOLs xtefilt and

Fig. 9.—Distribution of the ratio of burst rise time tr to duration T90.

Fig. 10.—Top: Distribution of the waiting time between successive bursts.
The solid curve represents the best-fit lognormal model, as determined by
maximum likelihood testing. The mean is 46.8 s, with a standard deviation of
a factor of 4.4. Bottom: Waiting time as a function of event time. The line
represents the best-fit power-law model. The gaps in the event times are Earth
occultations.

Fig. 8.—Bottom: Distribution of burst rise (tr; left) and fall (tf ; right) times
(see x 3.1.4). Top: Distribution of tr=tf . In all cases, the solid line represents
the best-fit lognormal model, as determined by maximum likelihood testing.

6 See http://xspec.gsfc.nasa.gov.

GAVRIIL, KASPI, & WOODS964 Vol. 607
FRB 121102 — 93 GBT bursts on 
August 6, 2017

FRBs and “Magnetar Short Bursts”

Δt ≃ 0.1 t0.8 for both!

Magnetar 1E 2259+586, 80 RXTE 
shorts bursts on June 18, 2002

Wadiasingh & Timokhin (2019)
(data from Zhang+2018)

Gavriil, Kaspi, & 
Woods (2004)

gap due to Earth 
occultation
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Power-law Fluence/Luminosity Distributions

Normalized FRB luminosity function 2329

Table 3. The parameters of FRB luminosity function.

Galaxy type No modelling for Galactic halo Removed Galactic halo
α (1σ ) log L∗ (1σ ) log L0 (95% C.L.) α (1σ ) log L∗ (1σ ) log L0 (95% C.L.)

ETGs (NE2001) − 1.52+0.24
− 0.23 44.14+0.23

− 0.33 ≤41.75 − 1.57+0.19
− 0.26 44.10+0.23

− 0.33 ≤41.56
ETGs (YMW16) − 1.62+0.29

− 0.21 44.18+0.26
− 0.38 ≤41.96 − 1.67+0.21

− 0.25 44.23+0.27
− 0.38 ≤41.82

LTGs (NE2001) − 1.45+0.31
− 0.28 43.94+0.22

− 0.35 ≤41.74 − 1.50+0.25
− 0.26 43.87+0.27

− 0.30 ≤41.56
LTGs (YMW16) − 1.57+0.17

− 0.22 44.32+0.22
− 0.24 ≤41.96 − 1.60+0.15

− 0.19 44.29+0.33
− 0.20 ≤41.82

ALGs (NE2001) − 1.42+0.27
− 0.27 43.90+0.30

− 0.29 ≤41.74 − 1.51+0.26
− 0.25 43.89+0.26

− 0.28 ≤41.56
ALGs (YMW16) − 1.57+0.19

− 0.21 44.31+0.22
− 0.27 ≤41.96 − 1.63+0.16

− 0.19 44.34+0.21
− 0.29 ≤41.82

Figure 5. The FRB normalized luminosity functions. In each panel, the solid line (black) is the best-fitting luminosity function, and the shaded area (grey)
shows the luminosity function within 1σ error. The meaning of the labels are as follows – 1◦ ETGs(NE2001): Galactic foreground removed with NE2001
and assuming ETG as the host galaxy; 2◦ ETGs(YMW16): the same as 1◦ but with Galactic foreground removed with YMW16; 3◦ LTGs(NE2001): Galactic
foreground removed with NE2001 and assuming LTG as the host galaxy; 4◦ LTGs(YMW16): the same as 3◦ but with Galactic foreground removed with
YMW16; 5◦ ALGs(NE2001): Galactic foreground removed with NE2001 and assuming mixed galaxy (ALG) as the host galaxy; 6◦ ALGs(YMW16): the same
as 5◦ but with Galactic foreground removed with YMW16.

Jankowski et al. 2018); (iii) the power-law index of luminosity
function of long gamma-ray bursts (− 1.3 to − 2.3; Sun et al. 2015;
Pescalli et al. 2016); (iv) short gamma-ray bursts (− 1.5 to − 1.7, Sun
et al. 2015); (v) compact binary mergers (− 1.2 to − 1.7, Cao, Yu &
Zhou 2018). We cannot pin down the radiation mechanisms based
on the FRB luminosity function. However, the similarity between
it and those of other astrophysical sources may suggest a common
underlying rule of defining burst populations of different kinds.

The distance information of FRBs is determined from the DM
values. We modelled the DM from three major contributions, i.e.
from the Milky way, the IGM, and the FRB host galaxy. We also
compared the results to evaluate the effects of Galaxy halo contri-
bution. We showed that the parameters for the luminosity function
are rather insensitive to the modelling details.

We modelled the electron density distribution functions for two
major cases in the paper, i.e. spiral galaxies and elliptical galaxies.
The most likely values of DMhost for these two cases are approx-
imately 10 and 15 cm− 3 pc, respectively. Such host galaxy DM
values are at least one order of magnitude smaller than that of the
IGM contribution. Although the most uncertain part in our mod-
elling is the DMhost distribution, the parameters inference for the

luminosity function is rather robust as DME ≫ DMhost. We can
tolerate the missing information such as the H α filling factor, the
stellar distribution in galaxies, halo DM, or FRB source DM. The
characteristic host galaxy DM values we estimated are less than 100
cm− 3 pc. Despite this, considering the scattering of the distribution,
our results are still compatible with the values estimated before
(Thornton et al. 2013; Xu & Han 2015; Yang et al. 2017).

The average DM value of ETGs we calculated here is higher
than that for LTGs. This is mainly due to the stellar distribution
and galaxy morphology. The concentration of FRBs in the central
region of ETGs produces higher value of DM for the ETGs than for
the LTG, where a lower scale height of LTGs leads to a lower DM.

For the case of LHEGs, i.e. elliptical galaxies with H α luminosity
function in Nakamura et al. (2004), the most likely DM host is
DMhost ≃3000 cm− 3 pc. Considering that the observed DMhost is
smaller by a factor (1 + z) and the roughly linear increase of DMIGM

with redshift, one obtains that an FRB with z > 2 would have a DME

exceeding 2750 cm− 3 pc (Zhang 2018a) which is larger than the
maximum observed DME (e.g. 2583.1 cm− 3 pc from FRB 160102,
Bhandari et al. 2018). If FRBs all have LHEG hosts, the probability
of detecting one FRB with DME ≤ 2750 is only ≃35 per cent, as
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What are magnetar short bursts?

regions (the innermost region corresponding to 1 !) clearly in-
dicates that the parameters (and, more generally, the BB and
PL components) correlate with each other. In addition, the two-
parameter fits confirm the spectral evolution (c.l. >3 !) of the
persistent spectrum of SGR 1900+14 as a function of flux; the
source displayed harder spectra just before (March 28) and after
(April 8) the burst forest event (March 29) and returned to the
preevent level in mid-April. These results are similar to those ob-
served in othermagnetar candidates, such as SGR1806!20 among
SGRs and 1RXS J170849!400910 among anomalous X-ray pul-
sars (AXPs), the main difference being the timescales on which
these spectral variations occurred: years for the latter two sources
and days/weeks for SGR1900+14. In the previous cases this trend
has been modeled in terms of ‘‘twisting’’ of the magnetosphere
(Thompson et al. 2002).
TheWTand PCXRT data were also used to look for the"5.2 s

pulsations of SGR 1900+14. Given the limited XRTstatistics in
the persistent component and the relatively small pulsed fraction
of the pulses ("15%Y20% level; semiamplitude of modulation
divided by themean source count rate), we used the period value,
P ¼ 5:19987$ 0:00007 s, inferred from anXMM-Newtonobser-
vation carried out on 2006 April 1 (Mereghetti et al. 2006). We
detected the SGR 1900+14 pulsations on 2006 March 29, the
same day as the burst forest event, in two time intervals preced-
ing (March 29 from 01:02 to 01:26UT) and following (from 04:22
to 04:42 UT) the forest by approximately 1 hr (in both cases the
signal was detected at about 3 ! c.l.). By merging all the XRT

Fig. 5.—Square of the radii of the two BBs as a function of their temperatures for the whole "30 s BAT data set. Red squares and green circles mark the BBs

component for luminosities below and above 3 ; 1040 erg s!1, respectively. Violet triangles and blue stars indicate the same quantities for the BBh component. Black
diamonds mark the Olive et al. (2004) measurements obtained for the 2001 IF.We also plot two representative power laws for R2 ¼ kT", with" equal to!3 and!4 (the
latter corresponding to the expected relation for a pure BB).

Fig. 6.—Time-resolved bolometric luminosity of BBsoft vs. that of BBhard (in
units of 1040). The solid line marks the power-law relation L40

soft ¼ (L40
hard)

" with" ¼
0:70$ 0:03 (1 ! c.l.) obtained by fitting points in the 0.01Y3 L40

soft range. Squares
represent the measurements by Feroci et al. (2004) for short bursts.
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Figure 10. Emission area as a function of blackbody temperature for those
bursts in our sample that have well-constrained parameters in a BB+BB fit. The
solid line indicates R2 ∝ (kT )−4 (see the text for a discussion).

a positive correlation between the emission areas of the two
BBs (Figure 5), which is more significant than the one found
for bursts from SGRs 1806−20 and 1900+14 (Nakagawa et al.
2007). A strong correlation between the two BB luminosities
has been found for SGR 1900+14 bursts with Swift (Israel
et al. 2008) and for SGR J0501+4516 bursts with GBM (Lin
et al. 2011). The latter two studies, however, have used time-
resolved spectral analyses, while we show here a strong fluence
correlation between the two BBs for time-integrated spectra.

Figure 10 displays the emission area as a function of tem-
perature for both BBs. The temperature of the cool BB does
not show any correlation with the fluence or the emission area
of that BB. The hot BB does have a marginal anti-correlation
between temperature and fluence, with a chance probability of
1 × 10−3 in a Spearman rank correlation test, and a very strong
anti-correlation between the temperature and the emission area
(Figure 10) with a chance probability of 3 × 10−24. For illustra-
tive purposes, we have drawn a solid line in Figure 10 indicating
R2 ∝ (kT )−4, which corresponds to a constant burst luminosity
or fluence. The line seems to represent best the low-temperature
part of the hot BB data, while there is a clear steepening at
the higher temperatures. Indeed, a PL fit of the hot BB data
gives a slope of ∼ −7, similar to what has been shown for
SGR J0501+4516 by Lin et al. (2011). Similar studies have been
performed for SGRs 1900+14 (Israel et al. 2008) and 1627−41
(Esposito et al. 2008) using time-resolved spectroscopy; our re-
sults confirm the trends described in these studies. A detailed
time-resolved spectroscopy of SGR J1550−5418 bursts is un-
derway.

Finally, we note that the smallest emission areas of the hot BB
(few hundredths of km2) are comparable to the emission area of
the BB component found during enhanced persistent emission
from SGR J1550−5418 in the GBM data after the bursting onset
on 2009 January 22 (Kaneko et al. 2010), possibly indicating
a common origin of the two phenomena. For the outburst data
studied here, the compact hot BB component can be as small
as R ∼ 0.2–0.3 km in size, corresponding to a diameter of the
order of the thickness of the outer crust, yet the bulk of the
R-values for the hot BB component correspond to a diameter
of ∼1 km—comparable to the total thickness of the solid crust.
For energy injection at or just below the surface, if these scales
signify the size of the region in the crust that is fractured by the
magnetic stresses, as is likely, then injection scales considerably

smaller than the crust height have greater difficulty in disrupting
it and initiating a flare, particularly if the anchored magnetic
flux tube is non-radial at its footpoint. To leading order, the field
energy that threads the injection region scales as R2, while the
length of the required fracture and the corresponding energy
required to produce it scale as R. Hence, crustal disruption by
field twists or shear is expected to be less effective for smaller
R, a contention that appears to be borne out in the data: the
majority of bursts possess R values for the hot component on
the scale of the thickness of the crust. Moreover, flares with a
larger R for the hot BB component tend to have a larger total
energy output, i.e., luminosity or fluence.

5.4. Interpretation of Two Blackbody Model Results

The BB+BB model results point toward a photospheric in-
terpretation, and perhaps one with dynamic evolution, from
one magnetospheric locale to another. The fitted temperatures
exceed those found (∼0.5 keV) in the classic X-ray band
(0.5–10 keV) in quiescent magnetar emission (e.g., see Perna
et al. 2001), indicating a magnetospheric origin for such pho-
tospheres, as opposed to generation of emission purely on the
neutron star surface. While it is possible that the site of outburst
activation could be near the magnetic poles, the T90 durations
of SGR J1550−5418 far exceed the neutron star light crossing
time. Hence, even the intense magnetic fields of magnetars can-
not restrict the emission region of powerful outbursts to small
volumes. Accordingly, one expects spatial transport of the burst
luminosity during each flare, even if tied to closed field lines.
This is essentially the picture that Duncan & Thompson (1992)
originally envisaged for SGRs. Polar origins would permit rapid
plasma expansion along open field lines to very high altitudes, so
that plasma containment is limited. Near the equator, trapping
of the gas is optimal, enabling longer durations of emission,
so that quasi-equatorial locales for energy injection might be
favored. The trapping times depend intimately upon the compli-
cated interplay of polarization-dependent Compton scattering,
and associated lepton diffusion and energy exchange within the
photon–electron gas.

The core property evinced in Figure 10 is that the burst lu-
minosity ∝ (kT )4 R2 of the collection of bursts (and approx-
imately also for individual bursts) is similar for the low- and
high-temperature components. This is a total energy equipar-
tition feature: if the surface area of a putative magnetospheric
emission volume scales approximately as R2, then the energy
in each BB component is approximately equal. An R2 scaling
most likely applies to the hotter BB component as it evolves in
a coronal structure, with photon and particle propagation away
from an injection zone. It could be pertinent for burst activa-
tion locales near the magnetic poles, but also if the injection
site is somewhat remote from the surface, for example, in the
magnetospheric twist scenario of Thompson & Beloborodov
(2005) and Beloborodov & Thompson (2007), which was pri-
marily envisaged for the lower luminosity, quiescent magnetar
emission. However, it is possible that other volume scalings are
operating, particularly due to the anisotropizing influence of the
non-uniform magnetic field. For example, volumetric constric-
tion of hot plasma near field line footpoints might modify this
correlation modestly. Determining the effective volume scal-
ing requires detailed time-dependent modeling of particle and
radiative transfer in a magnetospheric environment. This moti-
vates future theoretical work on magnetar “fireballs.” Yet, for
the present, a baseline conclusion is that it is clear that the
strong correlation between the energies in the two components
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Figure 6. Upper left panel: low- and high-kT BB areas as a function of flux. Upper right panel: low- and high-kT BB temperatures as a function of flux. The dashed
line delimits the flux–low–kT parameter space for a high–kT value of 15 keV. Lower left panel: flux color-coded plot of the area as a function of temperature. Lower
right panel: area as a function of temperature grouped in flux intervals from top to bottom as indicated by the legend. Flux groups are shifted arbitrarily for clarity. See
the text for details.
(A color version of this figure is available in the online journal.)

Harding 2001; Usov 2002; Chistyakov et al. 2012) is the domi-
nant source of photon number changing (TD95). At the lowest
fluxes, the size of the high-kT component is extremely small
(some tens of meters), and very likely most of the emitted radi-
ation is in the form of E-mode photons. At such small distance
from the NS, the magnetic field is super critical, and, due to
the high temperature of the high-kT component at these low-
est fluxes, photon splitting is very efficient (low-kT ∼ 14 keV
>kTsp ∼ 11 keV, where kTsp is the BB temperature at which
the photon splitting rate is sufficient to maintain LTE; TD95),
leading to complete thermalization of the high-kT component.
With increasing flux, the high-kT temperature starts dropping
and the spectrum starts deviating from a pure Planckian, perhaps
due to other radiative processes coming into play, e.g., double
Compton scattering (e + γ → e + γ + γ ) and Bremsstrahlung.
For the low-kT component, the picture is not clear, mostly due
to the variation in field morphology and opacity for both scatter-
ing and photon splitting at high altitudes. However, since these
two components appear to be strongly coupled (Figure 4), we
speculate that a deviation in the high-kT photon distribution
from a pure Planckian model would lead to the deviation in the
low-kT component as well.

4.2.2. Comptonized Model

The COMPT model that we use here in our time-resolved
spectroscopy is meant to mimic classical problems of unsatu-
rated Comptonization (see Lin et al. 2011 for more details). In

this model, photons scatter repeatedly inside a corona of hot
electrons, until they reach the plasma temperature, E ∼ kTe.
Further heating is impossible and a spectral turnover (Epeak)
emerges. The PL index below the turnover (λ) depends on the
mean energy gain per collision and the probability of photon loss
from the bubble (Rybicki & Lightman 1979). Hence, the index
λ depends only on the magnetic Compton−y parameter (yB),
λ = 1/2 −

√
9/4 + 4/yB, with yB = 4kTe/(mec

2)max{τB, τ 2
B}.

Here τB is the effective optical depth inside the scattering
medium, modified by the strong magnetic field, and max{τB, τ 2

B}
is the mean number of scatterings per photon.

We note that in magnetars, such a corona of hot electrons
could develop in the inner magnetosphere, caused by the twist-
ing of the external magnetic field lines (Beloborodov & Thomp-
son 2007; Thompson et al. 2002; Thompson & Beloborodov
2005; Nobili et al. 2008). The magnetic reconnection model of
Lyutikov (2003) for triggering SGR bursts fits this picture well,
with any reconnection event being accompanied with magnetic
field line twists.

The correlation that we find between the index λ and the flux
is interesting in the context of the COMPT model (Figure 3).
At low fluxes, F ! 10−5 erg s−1 cm−2, λ is distributed
around ∼−1, i.e., the flattest possible spectra. Such spectra are
achieved through repeated Compton upscattering with yB ≫
1. However, with increasing fluxes, λ starts increasing to
reach ∼1 at the highest fluxes. Compton upscattering of soft
photons has difficulty generating such spectra. These high values
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✴ ～10 - 500 ms duration, typically 100 ms, with 
shorter rise time 

✴ In any given burst, evidence of hot and cool BBs 
with vastly different emission areas but similar 
luminosity R2 ～ T-4 

✴ → implies coupling in the closed field line zone of 
the magnetosphere, and confinement 

✴ Hot BB with small area = magnetic footpoints and 
return currents 

✴ Cool BB with large area = thermalized pair plasma 
in the flux tube 

✴ Burst energetics are low enough such that 
magnetic dominance should be maintained in a 
magnetar, i.e. σ ≫ 1

Israel+ (2008)

van der Horst+ (2012)

Younes+ (2014)
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What are magnetar short bursts?
✴ QPOs (∼0.1 kHz) associated with crustal-torsional oscillations strongly 

suggest short bursts occur at very low altitudes and are associated 
with the NS crust 

✴ Such crustal oscillations damp on a timescale of ～1-2 s due to core-
crust coupling (e.g. Levin 2006)
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ABSTRACT

Quasi-periodic oscillations (QPOs) observed in the giant flares of magnetars are of particular interest due to their
potential to open up a window into the neutron star interior via neutron star asteroseismology. However, only
three giant flares have been observed. We therefore make use of the much larger data set of shorter, less energetic
recurrent bursts. Here, we report on a search for QPOs in a large data set of bursts from the two most burst-active
magnetars, SGR 1806–20 and SGR 1900+14, observed with Rossi X-ray Timing Explorer. We find a single detection
in an averaged periodogram comprising 30 bursts from SGR 1806−20, with a frequency of 57 Hz and a width
of 5 Hz, remarkably similar to a giant flare QPO observed from SGR 1900+14. This QPO fits naturally within
the framework of global magneto-elastic torsional oscillations employed to explain giant flare QPOs. Additionally,
we uncover a limit on the applicability of Fourier analysis for light curves with low background count rates and
strong variability on short timescales. In this regime, standard Fourier methodology and more sophisticated Fourier
analyses fail in equal parts by yielding an unacceptably large number of false-positive detections. This problem is
not straightforward to solve in the Fourier domain. Instead, we show how simulations of light curves can offer a
viable solution for QPO searches in these light curves.

Key words: methods: statistical – pulsars: individual (SGR 1806−20, SGR 1900+14) – stars: magnetic field –
stars: neutron – X-rays: bursts

Online-only material: color figures

1. INTRODUCTION

Neutron stars provide one of the best astrophysical laborato-
ries for the study of nuclear physics under extreme conditions
not accessible to standard laboratory experiments: dense, cold,
highly asymmetric (neutron-rich) matter up to several times the
nuclear saturation density ρ = 2.8 × 1014 g cm−3. Among the
zoo of observable neutron star phenomena, two classes stand
out for their peculiar observational properties: soft gamma re-
peaters (SGRs) and anomalous X-ray pulsars (both classes are
magnetars; for a general overview, see Woods & Thompson
2006; Mereghetti 2011). They are generally characterized by
long spin periods of 2–12 s, a large spin-down derivative, and an
inferred dipole magnetic field above the quantum-critical limit,
BQED = 4.4 × 1013 G (although in recent years, 3 sources—out
of a total of 26 sources comprising 21 confirmed magnetars and
5 candidates3—have been found where the lower limit on the
dipole field inferred from spin-down is below BQED, van der
Horst et al. 2010; Esposito et al. 2010; Rea et al. 2010, 2012;
Scholz et al. 2012; Rea et al. 2014).

Magnetars are of particular interest because of their exten-
sive bursting behavior across ∼5 orders of magnitude in du-
ration and nearly ∼9 orders of magnitude in total isotropic
energy. This is especially true for the brightest of their bursting
phenomena, giant flares. These vast but short (with durations
of > 500s) outbursts of hard X-ray emission, with luminosities
up to 1047 erg s−1, are rare events believed to occur due to a
catastrophic re-structuring of the magnetic field (Thompson &
Duncan 1995; Lyutikov 2003). The resulting release of energy
creates an optically thick pair plasma that slowly radiates the
energy away. Analogous to earthquakes, a significant fraction

3 Details at http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html.

of this energy may also be converted into global oscillations of
the star (Duncan 1998). These oscillations are of interest to both
astrophysicists and nuclear physicists because, if observed, they
would provide a unique view into a neutron star’s interior (both
crust and core).

The detection of quasi-periodic oscillations (QPOs) in the
tails of two giant flares sparked a very active debate about their
origin (Israel et al. 2005; Strohmayer & Watts 2005, 2006; Watts
& Strohmayer 2006). However, the problem requires complex
models (for a general discussion, see Watts 2012): for a full so-
lution, models require inclusion of magnetic fields, both dipole
and toroidal components, and a full general relativistic treat-
ment. Additionally, knowledge of the equations of state of both
crust and core, but especially the anisotropies in the lower crust,
is imperative, as well as inclusion of superfluid and supercon-
ducting components. Because we have little understanding of
any of these components, models have many degrees of free-
dom and are highly degenerate. At the same time, giant flares are
sufficiently rare that only two out of three observed giant flares
have sufficient data to even attempt searches for QPOs such that
the resulting frequencies do not strongly constrain parameter
space (for more in-depth discussions of the various models, re-
fer to Samuelsson & Andersson 2007; Andersson et al. 2009;
Sotani et al. 2007, 2008; van Hoven & Levin 2008, 2011, 2012;
Colaiuda & Kokkotas 2011, 2012; Gabler et al. 2011, 2012,
2013; Passamonti & Lander 2013, 2014; Lander et al. 2010;
Lander & Jones 2011; Glampedakis et al. 2006; Glampedakis
& Jones 2014).

It seems logical, then, to turn to the giant flares’ much
smaller cousins, magnetars. Magnetars are known to emit short
bursts with much less energy, up to ∼1041 erg. Unlike giant
flares, they are much more numerous. The data set for the
two best-studied magnetars, SGR 1806−20 and SGR 1900+14,
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ABSTRACT

The discovery of quasi-periodic oscillations (QPOs) in magnetar giant flares has opened up prospects for neutron
star asteroseismology. The scarcity of giant flares makes a search for QPOs in the shorter, far more numerous
bursts from soft gamma repeaters (SGRs) desirable. In Huppenkothen et al., we developed a Bayesian method for
searching for QPOs in short magnetar bursts, taking into account the effects of the complicated burst structure,
and have shown its feasibility on a small sample of bursts. Here we apply the same method to a much larger
sample from a burst storm of 286 bursts from SGR J1550−5418. We report a candidate signal at 260 Hz in a
search of the individual bursts, which is fairly broad. We also find two QPOs at ∼93 Hz, and one at 127 Hz, when
averaging periodograms from a number of bursts in individual triggers, at frequencies close to QPOs previously
observed in magnetar giant flares. Finally, for the first time, we explore the overall burst variability in the sample and
report a weak anti-correlation between the power-law index of the broadband model characterizing aperiodic burst
variability and the burst duration: shorter bursts have steeper power-law indices than longer bursts. This indicates
that longer bursts vary over a broader range of timescales and are not simply longer versions of the short bursts.

Key words: methods: data analysis – methods: statistical – pulsars: individual (SGR J1550−5418) –
stars: magnetic field – stars: neutron – X-rays: bursts

Online-only material: color figures

1. INTRODUCTION

Soft gamma repeaters (SGRs) represent a small class of
neutron stars whose slow spin periods and high spin-down rates
imply an unusually strong magnetic field in the excess of 1014 G.
Duncan & Thompson (1992) and Thompson & Duncan (1995)
predicted the existence of such objects, which they named
magnetars. SGRs are believed to be one of two observational
manifestations of neutron stars with an exceptionally strong
magnetic field; anomalous X-ray pulsars (AXPs) form the other
class of objects, although evidence suggests that there is no
clear-cut line between them, and recently a low magnetic field
source has been found (Rea et al. 2010).

The defining characteristic of SGRs are irregular bursts that
vary in duration from tens to hundreds of milliseconds and span
∼5 orders of magnitude in peak luminosity (1038 to 1043 erg s−1)
in hard X-rays <100 keV. However, there is a very rare type of
burst, the so-called giant flares, which have been only detected
three times in the past 34 yr from three different sources. These
reach peak luminosities of ∼1045 erg s−1 and are believed to be
powered by a catastrophic reordering of the magnetic field. Since
this field is coupled to the solid crust, Duncan (1998) suggested
that such large-scale reconfiguration might rupture the crust,
triggering global seismic vibrations that would be visible as
periodic modulations of the X-ray and γ -ray flux. This idea was
confirmed by the detection of quasi-periodic oscillations (QPOs,

i.e., stochastic processes that vary on a characteristic timescale)
in the expected range of frequencies (∼10–1000 Hz) in the
tails of giant flares from two different magnetars (Israel et al.
2005; Strohmayer & Watts 2005, 2006; Watts & Strohmayer
2006). SGR giant flares thus present outstanding test cases
for testing theories of neutron star structure and composition
models. Several intermediate flares, in energy and duration
between the short bursts and the giant flares, have also been
observed, but no QPOs have been found in these bursts (Watts
2012).

To date, there have been few searches for QPOs in recur-
rent bursts of magnetars. El-Mezeini & Ibrahim (2010) reported
QPO detections in a sample of bursts from SGR 1806−20
observed between 2 keV and 60 keV with the RXTE, how-
ever, a revised analysis incorporating variability in the burst
envelope showed that the reported QPOs are not significant
(Huppenkothen et al. 2013).

Finding QPOs in short SGR bursts is technically challenging:
as shown in Huppenkothen et al. (2013), standard Fourier
methods commonly used for this purpose fail when applied to
the short, highly variable burst light curves. The major difficulty
lies in the non-stationarity of magnetar bursts. The statistical
distributions generally used in Fourier analysis in astronomy
are strictly only valid for processes whose properties do not
vary over the duration of an observation. This is clearly not true
for an SGR burst: they are short events, exhibiting variability on
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FIG. 8.ÈPulsar B0950]08. Our preferred full longitude Ðt. For general
explanation of this Ðgure, see Fig. 3 and Fig. 6 legends. Note that a 90¡
orthogonal mode switch is inserted in the longitude range (25, 175)¡ and
that longitudes between ([10, ]15)¡ are unweighted in the Ðts shown in
(b) and (c). At the resolution of panel (d ), the R93b E/G curve is indistin-
guishable from the LM88 E/G curve, so we do not plot the R93b E/G
curve.

between the pulse and interpulse components is then partic-
ularly puzzling, as it is emitted even farther from the two
magnetic poles than are the pulse and interpulse themselves.

Our two other solutions select data over narrower longi-
tude ranges to test the consistency of our Ðts (see Table 4
and Figs. 9 and 10). First, we unweight data in the vicinity
of the main pulse, leaving what appears to be a Ðne Ðt
across the interpulse and elsewhere (Fig. 9). The angles a, b,
and change signiÐcantly. The second additional Ðt/0unweights all data near the interpulse. Note that this ““ main
pulse ÏÏ Ðt looks quite reasonable throughout the Ðtted
range (see Fig. 10), yet a and b move from our preferred Ðt
by several times the formal errors.

While both of these latter Ðts appear reasonable over
their Ðtted ranges, they both fail elsewhere. Only the Ðrst,

FIG. 9.ÈPulsar B0950]08. The interpulse is weighted in this Ðt, with
the main pulse (/ \ ([90,90)¡) unweighted. For general explanation of
this Ðgure, see Fig. 3 and Fig. 6 legends. Note that a 90¡ orthogonal mode
switch is inserted in the longitude range (25, 170)¡ and that longitudes
between ([90, 90)¡ are unweighted in the Ðts shown in (b) and (c). We omit
the same curves as in Fig. 8.

full longitude range Ðt conforms well to observed position
angles at all longitude ranges. We believe that our high-
quality data, coupled with our careful treatment of mea-
surement uncertainties in the Ðts, provide a more accurate
result. For comparison, we superpose some of the other
workersÏ results, along with ours, onto our data in the
bottom panel of each of Figs. 8, 9, and 10. Note that only
our full Ðt (Fig. 8) matches well the overall slope of position
angle with longitude over the longitude range D[160 to
[20¡. (All results including ours have some trouble match-
ing the left edge of the interpulse, presumably as a result of
orthogonal mode competition.)

We are conÐdent that our full range Ðt is the best one.
However, our own three somewhat inconsistent solutions
help to illustrate the pitfalls of RVM Ðtting. Since most

FRB 121102’s NS must not be a fast rotator
FRB 121102 — 100% linearly 
polarized with PA fixed during a burst 
and modestly varying between bursts Contrast: PA swings during pulses 

of radio pulsars from polar cap 
emission

Everett and Weisberg (2001)

Michilli+ (2018)
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✴ Known galactic magnetars must have modestly twisted magnetospheres to 
support persistent emission   

✴ A current system is set up to support the twist:

magnetic energy as HB ! ðB2
!R

3Þ $ R when the twist is
moderately large, B! ! B". This means that the magnetic
energy is minimized at fixed helicity if the helicity is concen-
trated close to the star. Indeed, the current density decreases
toward the magnetic axis in these self-similar solutions [as
Jð"Þ ! "2 in the case of a modest twist, D!N-Sd1].

3.1. Effects of Slow Rotation

We have constructed self-similar solutions to the force-
free equation in the infinite volume outside a nonrotating

spherical surface. A real neutron star rotates, and its rigidly
corotating magnetosphere has a finite extent,
R sin " % cP=2# & Rlc (Goldreich & Julian 1969). Close to
this speed-of-light cylinder, the rotation will itself cause the
field lines to be twisted (Michel 1991; Mestel & Pryce 1992),
but in a different sense than in the static, twisted magneto-
sphere. Here we discuss some basic effects of slow rotation,
corresponding to an angular velocity of rotation
!5 c=RNS.

The rotational sweeping of the magnetic field lines indu-
ces an electric field

E ¼ ( 1

c
ðX! RÞ! B ; ð12Þ

as measured in a background inertial frame. Here X is the
angular velocity of the star. The component of E parallel to
B is cancelled if the closed field lines support a net charge
density

$ ¼ 1

4#

D

xE ¼ 1

4#c
X x (2B þ R!

D

! Bð Þ½ +

¼$GJ þ $twist : ð13Þ

A second term

$twist ¼
1

4#c
X x R!

D

! Bð Þ½ + ’ 1

c2
X x ðR! JÞ ð14Þ

is now present, as compared with the analysis of Goldreich
& Julian (1969). (The second equality in this expression
applies to field lines that close well inside the light cylinder.)
Thus, a current flowing in a rotating magnetosphere gener-
ates a charge density

$twist
J=c

! R

Rlc
; ð15Þ

Fig. 2.—Radial index pof the magnetic flux function P (eq. [3]) plotted
vs. the net twist angle D!N-S ¼ D!ð"! 0Þ between the north and south
magnetic poles (eq. [8]). The field scales asB /r(ð2þpÞ.

Fig. 3.—Example of a twisted, self-similar, force-free magnetosphere, with net twist angleD!N-S ¼ 2 rad. Only a small number of field lines are plotted here.
The field lines protruding from the top right and bottom left corners of the star are anchored in theX-Z plane, at regular intervals Dl ¼ 0:1. Dashed lines indi-
cate that the field is projected behind the star. A pure dipole is shown for comparison.
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Figure 5. Three-dimensional field lines for the same polar cap and ring shearing models as in Figure 4 at ψ = 3. The lines are colored by the fractional contribution
of the toroidal field,

∣∣Bφ/B
∣∣, at each point along their lengths. 20 lines are drawn from each hemisphere equally spaced in colatitude between θ/π = 0.04 and 0.25.

(A color version of this figure is available in the online journal.)
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Figure 6. Rmax vs. twist angle, where Rmax is the maximum height of each
field line, for a twisted polar cap with θpc = 0.15 π . The blue curves represent
untwisted field lines, attached to the star outside the polar cap.
(A color version of this figure is available in the online journal.)

4.3. Energy of Equilibria

The minimum energy state for a magnetosphere with a
given distribution of Br on the stellar surface is the potential
(∇ × B = 0) field that has only closed field lines. Shearing
does work against the field lines’ tension, and transfers energy
from the star to the magnetosphere. At small twist angle ψ ≪ 1,
this increase is due to the B2

φ contribution added to the magnetic
energy density, while the poloidal field is hardly changed. As
ψ increases and the field lines expand, the additional energy
is increasingly stored in the poloidal field components. The
limiting maximum energy configuration of sheared fields is

the fully open field, in which all field lines extend to infinity
and the toroidal component is everywhere zero (Aly 1991;
Sturrock 1991). For a dipole potential field in an infinite domain
(rout → ∞) having energy W0, this fully open state has energy
Wopen = 1.662 W0 (Barnes & Sturrock 1972; ML94).

The total magnetic energy, W, can be found by integrating B2

over volume,

W ≡ 1
8π

∫

V

B2dV, (19)

where V is the volume of the computational domain (excluding
the outer absorbing layer if present). The energy of any equilib-
rium force-free configuration outside a surface is related to the
distribution of B on that surface by a scalar virial theorem (e.g.,
Aly 1984). The energy expected in the computational domain
from the virial theorem, Wvir, can then be found by subtract-
ing the energy that, in equilibrium, should lie beyond its outer
boundary:

Wvir ≡W∞(r⋆) −W∞(rout), (20)

where

W∞(r) ≡ r3

4

∫ π

0

(
B2

r −B2
θ −B2

φ

)
sin θ dθ (21)

is the energy of an equilibrium state, integrated from r to infinity.
Since an equilibrium solution must have W = Wvir, these
quantities can be used to test how close our quasi-equilibrium
solutions are to equilibrium.

The twist free energy is defined by Wtw = W −W0 where W0
is the untwisted dipole energy given by Equation (6). At small
twist amplitude ψ ≪ 1, the free energy is just the energy of the
toroidal magnetic field, which is given by Beloborodov (2009),

Wtw ≈
∫

r>r⋆

B2
φ

8π
dV = µ

2cr⋆

∫ 1

0
I (u) ψ(u) du, (22)

where I (u) is the poloidal current function (defined in the same
way as the poloidal flux function f, except that one replaces
Br with Jr in Equation (7)). By Stokes’ theorem, the toroidal
magnetic field and poloidal current function are related by
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more dynamic dissipation in the larger magnetosphere. Yet
the recent observation (Gavriil and Kaspi 2004) of long-
lived pulsed flux flares on the timescale of several months
in AXP 1E 1048.1-5937 resembles earlier reports (Baykal
and Swank 1996; Oosterbroek et al. 1998) of modest flux
instability. There are also correlated long term variations
in X-ray flux and non-thermal spectral index in the source
1RXS J170849.0-400910, as identified by Rea et al. (2005).
Moreover, Kaspi et al. (2003) and Gavriil et al. (2002, 2004)
reported bursting activity in the AXPs 1E 2259+586 and 1E
1048.1-5937, suggesting that anomalous X-ray pulsars are
indeed very similar to SGRs, a “unification paradigm” that
is currently gathering support, but remains to be established.

The recent detection by INTEGRAL and RXTE of hard,
non-thermal pulsed tails in three AXPs has provided an ex-
citing new twist to the AXP phenomenon. In all of these,
the differential spectra above 20 keV are extremely flat: 1E
1841-045 (Kuiper et al. 2004) has a power-law energy in-
dex of s = 0.94 between around 20 keV and 150 keV, 4U
0142+61 displays an index of s = 0.2 in the 20–50 keV
band, with a steepening at higher energies implied by the
total DC+pulsed spectrum (Kuiper et al. 2006), and RXS
J1708-4009 has s = 0.88 between 20 keV and 150 keV
(Kuiper et al. 2006); these spectra are all much flatter than
the non-thermal spectra in the <10 keV band. Also, no clear
tail has been seen in 1E 2259+586, yet there is a sugges-
tion of a turn-up in its spectrum in the interval 10–20 keV
(Kuiper et al. 2006). The identification of these hard tails
was enabled by the IBIS imager on INTEGRAL and se-
cured by a review of archival RXTE PCA and HEXTE data.
These tails do not continue much beyond the IBIS energy
window, since there are strongly constraining upper bounds
from Comptel observations of these sources that necessitate
a break and steepening somewhere in the 150–750 keV band
(see Figs. 4, 7 and 10 of (Kuiper et al. 2006)). Interestingly,
Molkov et al. (2005) and Mereghetti et al. (2005) also re-
ported evidence for hard tails in SGR 1806-20, so that the
considerations here are germane also to SGRs in quiescence.

Explaining the generation of these hard tails forms the
motivation for this paper, which presents an initial explo-
ration of the production of non-thermal X-rays by inverse
Compton heating of soft, atmospheric thermal photons by
relativistic electrons. The electrons are presumed to be ac-
celerated either along open or closed field lines, perhaps
by electrodynamic potentials, or large scale currents asso-
ciated with twists in the magnetic field structure (e.g., see
Thompson and Beloborodov 2005). In order to power the
AXP emission, they must be produced with highly super-
Goldreich–Julian densities. In the strong fields of the in-
ner magnetospheres (i.e. within 10 stellar radii) of AXPs,
the inverse Compton scattering is predominantly resonant
at the cyclotron frequency, with an effective cross section
above the classical Thomson value. Hence, proximate to the

neutron star surface, in regions bathed intensely by the sur-
face soft X-rays, this process can be extremely efficient for
an array of magnetic colatitudes. Here, an investigation of
the general character of emission spectra is presented, using
collision integral analyses that will set the scene for future
explorations using Monte Carlo simulations. This scenario
forms an alternative to recent proposals (Thompson and Be-
loborodov 2005; Heyl and Hernquist 2005) that the new
components are of synchrotron or bremsstrahlung origin,
and at higher altitudes than considered here. The efficiency
of the resonant Compton process suggests it will dominate
these other mechanisms if the site of electron acceleration is
sufficiently near the stellar surface. This prospect motivates
the investigation of resonant inverse Compton models.

2 The Compton resonasphere

2.1 Energetics

The scattering scenario for AXP hard X-ray tail formation
investigated here assumes that the seed energization of elec-
trons arises within a few stellar radii of the magnetar sur-
face. This can in principal occur on either open or closed
field lines, so both possibilities will be entertained. The
key requirement is the presence of ultra-relativistic electrons
moving along B, with an abundance satisfying the energet-
ics of AXPs implied by their intense X-ray luminosities,
LX ! 1035 erg/s above 10 keV (Kuiper et al. 2006). The
hard X-ray tails have luminosities that are 2–3 orders of
magnitude greater than the classical spin-down luminosity
ĖSD ∼ 8π4B2

pR6/(3P 4c3) due to magnetic dipole radiation
torques. Here Bp is the surface polar field strength. This sig-
nature indicates that other dissipation mechanisms, such as
structural rearrangements of crustal magnetic fields, power
the AXP emission (e.g. Thompson and Duncan 1995, 1996).
Let ne be the number density of such electrons, ⟨γe⟩ be their
mean Lorentz factor, and ϵrad be the efficiency of them ra-
diating during their traversal of the magnetosphere (either
along open or closed field lines). Then one requires that
LX ∼ ϵrad⟨γe⟩mec

2(4πneR
2
c c) if the emission column has a

base that is a spherical cap of radius Rc . This yields number
densities ne ∼ 3 × 1017LX,35/ϵrad⟨γe⟩ cm−3 for scaled lu-
minosities LX,35 ≡ LX/1035 erg/s, if Rc ∼ 106 cm. There-
fore large densities are needed, though not impossible ones,
since optically thin conditions for the surface thermal X-rays
prevail provided that ⟨γe⟩ ≫ 1, and ϵrad is not minuscule.

Comparing ene to the classic Goldreich–Julian (1969)
density ρGJ = ∇.E/4π = −!.B/(2πc) for force-free, mag-
netohydrodynamic rotators, one arrives at the ratio

ene

|ρGJ|
≈ 4,670

ϵrad⟨γe⟩
LX,35P

B15R
2
6

, (1)

Baring & Harding (2007)
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Figure 1. Snapshot of a slowly untwisting magnetosphere. In this example, a global twist with a uniform amplitude ψ = 0.2 was implanted into the dipole
magnetosphere at t = 0, and the snapshot shows the magnetosphere at t ∼ 1 yr. Details of the calculations are described in Beloborodov (2009). The plane of the figure
is the poloidal cross section of the magnetosphere. The black curves are the poloidal magnetic field lines. The magnetosphere is symmetric about the vertical axis and
the equatorial plane; therefore, the figure only shows one-quarter of the poloidal cross section. The neutron star is shown by the black circle (radius R ≈ 10 km). Left
panel: current density j normalized to BR/c. The region from which currents have been pulled into the star (the potential “cavity” with j = 0) is shown in white.
The boundary between the cavity and the j-bundle (magenta curve) expands with time, i.e., the j-bundle shrinks toward the vertical axis. Right panel: twist amplitude
ψ at the same time. The twist amplitude is defined for each closed field line as the azimuthal displacement of its footpoint in the southern hemisphere relative to the
footpoint in the northern hemisphere.
(A color version of this figure is available in the online journal.)

Figure 2. Schematic illustration of plasma circulation in the magnetosphere
with surface B ∼ 1015 G. Two regions are indicated. (1) “Inner corona.”
Here e± have a moderate multiplicity M ∼ 1. The particles do not stop in
the equatorial plane. The electric field E∥ ensures that electrons and positrons
circulate in the opposite directions along the magnetic field lines, maintaining
the electric current demanded by ∇ × B. The particles are lost as they reach
the footpoints of the field line and continually replenished by pair creation.
(2) “Outer corona”—extended field lines with Rmax ≫ R. Electrons and
positrons are created by the discharge near the star and some of them flow
outward to the region of weaker B. Here resonant scattering enhances the pair
multiplicity, M ≫ 1, and decelerates the outflow. The e± particles stop at the
apexes of magnetic field lines (blue region in the equatorial plane), accumulate,
and annihilate there. The number fluxes of electrons and positrons toward the
annihilation region differ by a small fraction ∼M−1, so that the outflow carries
the required electric current j = (c/4π )∇ × B. Electrodynamics of the twist
dissipation implies that the inner corona is less likely to be active, as the electric
currents are erased by the expanding cavity (Figure 1); the observed activity
tends to concentrate on extended field lines that form the outer corona.
(A color version of this figure is available in the online journal.)

near magnetars), the outward acceleration generates relativistic
particles, and no self-consistent solution exists for the mildly
relativistic counter-streaming model.

In this paper (and the accompanying paper Beloborodov
2013), we develop a different picture of plasma circulation in
the magnetar corona. It is schematically shown in Figure 2.
The outer corona is inevitably filled with e± pair plasma of a

high density n , which is larger than j/ec by the “multiplicity
factor” M ≫ 1; in this respect it resembles the flow along
the open field lines of a rapidly rotating, strongly magnetized
neutron star (e.g., Hibschman & Arons 2001; Thompson 2008a;
Medin & Lai 2010). Pairs are created in the “adiabatic zone”
B > 1013 G where the flow energy is reprocessed into
particles with Lorentz factors γ ∼ 20 (Beloborodov 2013); their
multiplicity M ∼ 102 is basically set by energy conservation
and controlled by the discharge voltage. Both electrons and
positrons outflow from the magnetar, and radiation pressure
forces the particles to accumulate in the equatorial plane of the
magnetic dipole, where they annihilate. The required current
j = (c/4π )∇ × B is sustained in the outflow by a moderate
electric field E∥. This field is self-consistently generated to
maintain a small difference between the velocities of the ±
charges, (v+ −v−)/v± ∼ M−1 ≪ 1, so that the condition
e(n+v+ −n−v−) = j is satisfied with n+ ≈ n− and v+v− > 0.
In the simplest, two-fluid model (Section 3) the velocities v±
tend to be “locked” by the balance of two forces, electric and
radiative.

The coronal outflow significantly changes the radiation it
interacts with via scattering. The problem of outflow dynamics
can be formulated as a problem of self-consistent radiative
transfer where particles and photons exchange energy and
momentum as they flow away from the neutron star. This
problem is solved in this paper using a specially designed
numerical method.

The paper is organized as follows. Section 2 discusses
the creation of e± pairs and their circulation in the inner
and outer magnetosphere. Section 3 presents the model of a
radiatively locked outflow in its simplest version using a two-
fluid description and assuming an optically thin magnetosphere.
Section 4 discusses the two-stream instability in the e± flow and
the origin of low-frequency emission from magnetars. Then, in
Sections 5 and 6 we formulate and solve the full problem where
an outflow with a broad momentum distribution function and
significant optical depth interacts with the neutron-star radiation.
The numerical method and results are described in Section 6.
Our conclusions are summarized in Section 7.
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FRBs from crustal dislocations
✴ If crustal dislocations occur with wavelength λ～ 104 cm at a frequency ν ～0.1-1 kHz, 

and if the charge density is sufficiently high, the energy is dissipated by a plasma wave 
interactions and fluid-like processes (E immediately screened)

E ⇠ v

c
B ⇠ 2⇡⌫⇠

c
B
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From the condensed matter 
physics of NS crusts
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⇢burst > max{⇢twist, ⇢GJ}
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If the charge density is low, however, intense particle 
acceleration and pair cascades must occur to satisfy the 
current demanded by the field dislocation(s)

ν set by the 
characteristic 
kHz scale of 
observed QPOs

This is a necessary (but 
not sufficient) condition 
for FRBs in this model
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Conditions for FRBs from magnetar short bursts

✴ Most (>50%) FRBs ought to yield short bursts, but not all short bursts 
should result in FRBs 

✴ → slow rotator with low magnetospheric twist 
✴ Duration of FRB pulses set by characteristic plasma-filling time of flux tubes
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⇢burst > max{⇢twist, ⇢GJ}
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Low-twist condition 
(independent of B!)

Slow rotator condition (Δφ = 0)

Threshold amplitude → implies lower 
bound to FRB energy/luminosity 
function for a given P



Conditions for FRBs from short bursts
✴ Resonant Compton drag must not interfere - photon densities cannot be too high

Baring, 
Wadiasingh & 
Gonthier (2011) 
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For typical parameters for crustal 
magnetic dislocations, efficient magnetic 
pair production requires surface B > 1012 

- 1013 G for above-threshold pair 
production in CR RRLA
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Figure 4. Resonant Compton cooling rates for field strength B = 10, in units of Bcr ≈ 4.413 × 1013 G, for interaction locales at the surface (r = RNS) and the
magnetic pole (Θcol = 0◦) of the neutron star. These are computed using the Sokolov & Ternov differential cross section in Equation (15) in the resonance, and the
spin-averaged JL form in Equation (13) at all other ERF energies ωi . The two cases depicted are for outgoing electrons (upward; left panel) and ingoing (downward;
right panel) electrons. The soft photon energy distribution is thermal, with surface X-ray temperatures as labeled, and is isotropic within a hemisphere. In both panels,
the lightweight lines encapsulate the asymptotic approximations for the resonant and non-resonant regimes, embodied in Equations (50) and (54), respectively. The
horizontal dashed line denotes the light escape timescale tesc corresponding to a stellar radius.
(A color version of this figure is available in the online journal.)

Dermer (1990) for choices of Ωs = 1/2, namely, hemispher-
ical soft photons at the surface, and Γ = 4αfB

2/3, the stan-
dard classical cyclotron decay width. Comparing Equations (51)
and (52), the ratio of the resonant cooling rates in the two formu-
lations is just described by the simple function RST(B)/RJL(B)
of the magnetic field strength:

RST(B)
RJL(B) = 1

2

{
1 + F∆(z) − G∆(z)

F(z) − G(z)

}
, z = 1 + 1

B
. (53)

This function ranges from 1/2 in the magnetic Thomson
domain, where Γ+1 ≪ Γ− 1 in Equation (17), to unity in
the ultraquantum, B ≫ 1 regime, where the choice of wave
functions is immaterial since the spin-dependent widths Γ± 1
collapse to the spin-averaged one Γ. Note that the resonant
cooling rates scale roughly as Θ/γe, modulo the logarithmic
factors. If the electron Lorentz factor drops too low, the leading
order mildly relativistic correction is of the order of 1/γ 2

e ; see,
for example, Equation (35) of Harding & Muslimov (1998). The
derived asymptotic rates at resonance (i.e., Equation (50) for the
ST formulation and its JL equivalent) provide useful checks on
the ensuing numerical evaluations and expressions that can be
used with facility in resonant Compton cooling models for X-ray
and gamma-ray emission in neutron star systems.

It is also possible to derive asymptotic approximations to the
rate in the non-resonant regime at much lower Lorentz factors.
By integrating Equation (32) over the Planck spectrum, in the
low γe quasi-Thomson regime, all values of εs are sampled, and
an analytic approximation is obtainable:

γ̇e ≈ − 8π4Ωs

315
σTc

λ–3
γ 4

e
βe

Θ6

B2 {(1 + βeµ+)5 − (1 + βeµ− )5},

γeΘ(1 + βeµ+) ≪ B. (54)

This result is applicable to both JL and ST formulations, since
the differential cross section is independent of electron spin-
state choice outside the resonance. It coincides precisely with
the result one would generate by taking the leading order,

Figure 5. Resonant Compton cooling rates for five different field strengths, as
labeled, and in units of Bcr ≈ 4.413×1013 G. All curves are for surface thermal
temperatures T = 106 K, for scatterings at the polar surface with colatitude
Θcol = 0◦, and for outgoing (upward moving) electrons. Solid curves are for
Sokolov & Ternov (ST) cases, and the dashed curves for B = 10− 2, 0.1, 1 are
Johnson & Lippmann (JL) determinations. The B = 10, 100, JL evaluations are
essentially indistinguishable on this plotting scale from their ST counterparts,
and so were not exhibited. The light solid curve in the resonant regime is
the B = 100 asymptotic ST result in Equation (50). The light solid straight
line for the low γe , non-resonant regime is the B = 10 asymptotic result in
Equation (54). As in Figure 4, the horizontal dashed line denotes the light
escape timescale tesc corresponding to a stellar radius.
(A color version of this figure is available in the online journal.)

γ 4
e , term of Equation (20) of Dermer (1990) and inserting the

Planck spectrum of Equation (39) therein, for any choice of soft
photon solid angle Ωs . For the on-magnetic axis illustrations in
Figures 4 and 5, the hemispherical choice Ωs = 1/2 is adopted,
corresponding to near-surface electron–photon collisions. It
should be emphasized that when γe ! 10, this formula should
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Minimum recurrence time
✴Core-crust damping (e.g. Levin 2006) limits recurrences to within ～ 1-2 s 

✴ Interestingly, the longest cluster of repetitions in Zhang+ (2018) persists for 2 seconds 

✴Within this ～ 1-2 s, the charges must clear a flux tube prior — the timescale of this is pair 
multiplicity times burst duration for the critical/twist burst amplitude  

✴ If burst amplitudes ξ are large enough, then recurrences may occur on crustal oscillation 
periods of 1-10 ms

�9

What are magnetar short bursts?
✴ QPOs (∼0.1 kHz) associated with crustal-torsional oscillations strongly suggest 

short bursts occur at very low altitudes and are associated with the NS crust 

✴ Such crustal oscillations damp on a timescale of ӗ1 s due to core-crust 
coupling 

✴ Short-time repetition clusters in FRB 121102? 
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ABSTRACT

Quasi-periodic oscillations (QPOs) observed in the giant flares of magnetars are of particular interest due to their
potential to open up a window into the neutron star interior via neutron star asteroseismology. However, only
three giant flares have been observed. We therefore make use of the much larger data set of shorter, less energetic
recurrent bursts. Here, we report on a search for QPOs in a large data set of bursts from the two most burst-active
magnetars, SGR 1806–20 and SGR 1900+14, observed with Rossi X-ray Timing Explorer. We find a single detection
in an averaged periodogram comprising 30 bursts from SGR 1806−20, with a frequency of 57 Hz and a width
of 5 Hz, remarkably similar to a giant flare QPO observed from SGR 1900+14. This QPO fits naturally within
the framework of global magneto-elastic torsional oscillations employed to explain giant flare QPOs. Additionally,
we uncover a limit on the applicability of Fourier analysis for light curves with low background count rates and
strong variability on short timescales. In this regime, standard Fourier methodology and more sophisticated Fourier
analyses fail in equal parts by yielding an unacceptably large number of false-positive detections. This problem is
not straightforward to solve in the Fourier domain. Instead, we show how simulations of light curves can offer a
viable solution for QPO searches in these light curves.

Key words: methods: statistical – pulsars: individual (SGR 1806−20, SGR 1900+14) – stars: magnetic field –
stars: neutron – X-rays: bursts

Online-only material: color figures

1. INTRODUCTION

Neutron stars provide one of the best astrophysical laborato-
ries for the study of nuclear physics under extreme conditions
not accessible to standard laboratory experiments: dense, cold,
highly asymmetric (neutron-rich) matter up to several times the
nuclear saturation density ρ = 2.8 × 1014 g cm−3. Among the
zoo of observable neutron star phenomena, two classes stand
out for their peculiar observational properties: soft gamma re-
peaters (SGRs) and anomalous X-ray pulsars (both classes are
magnetars; for a general overview, see Woods & Thompson
2006; Mereghetti 2011). They are generally characterized by
long spin periods of 2–12 s, a large spin-down derivative, and an
inferred dipole magnetic field above the quantum-critical limit,
BQED = 4.4 × 1013 G (although in recent years, 3 sources—out
of a total of 26 sources comprising 21 confirmed magnetars and
5 candidates3—have been found where the lower limit on the
dipole field inferred from spin-down is below BQED, van der
Horst et al. 2010; Esposito et al. 2010; Rea et al. 2010, 2012;
Scholz et al. 2012; Rea et al. 2014).

Magnetars are of particular interest because of their exten-
sive bursting behavior across ∼5 orders of magnitude in du-
ration and nearly ∼9 orders of magnitude in total isotropic
energy. This is especially true for the brightest of their bursting
phenomena, giant flares. These vast but short (with durations
of > 500s) outbursts of hard X-ray emission, with luminosities
up to 1047 erg s−1, are rare events believed to occur due to a
catastrophic re-structuring of the magnetic field (Thompson &
Duncan 1995; Lyutikov 2003). The resulting release of energy
creates an optically thick pair plasma that slowly radiates the
energy away. Analogous to earthquakes, a significant fraction

3 Details at http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html.

of this energy may also be converted into global oscillations of
the star (Duncan 1998). These oscillations are of interest to both
astrophysicists and nuclear physicists because, if observed, they
would provide a unique view into a neutron star’s interior (both
crust and core).

The detection of quasi-periodic oscillations (QPOs) in the
tails of two giant flares sparked a very active debate about their
origin (Israel et al. 2005; Strohmayer & Watts 2005, 2006; Watts
& Strohmayer 2006). However, the problem requires complex
models (for a general discussion, see Watts 2012): for a full so-
lution, models require inclusion of magnetic fields, both dipole
and toroidal components, and a full general relativistic treat-
ment. Additionally, knowledge of the equations of state of both
crust and core, but especially the anisotropies in the lower crust,
is imperative, as well as inclusion of superfluid and supercon-
ducting components. Because we have little understanding of
any of these components, models have many degrees of free-
dom and are highly degenerate. At the same time, giant flares are
sufficiently rare that only two out of three observed giant flares
have sufficient data to even attempt searches for QPOs such that
the resulting frequencies do not strongly constrain parameter
space (for more in-depth discussions of the various models, re-
fer to Samuelsson & Andersson 2007; Andersson et al. 2009;
Sotani et al. 2007, 2008; van Hoven & Levin 2008, 2011, 2012;
Colaiuda & Kokkotas 2011, 2012; Gabler et al. 2011, 2012,
2013; Passamonti & Lander 2013, 2014; Lander et al. 2010;
Lander & Jones 2011; Glampedakis et al. 2006; Glampedakis
& Jones 2014).

It seems logical, then, to turn to the giant flares’ much
smaller cousins, magnetars. Magnetars are known to emit short
bursts with much less energy, up to ∼1041 erg. Unlike giant
flares, they are much more numerous. The data set for the
two best-studied magnetars, SGR 1806−20 and SGR 1900+14,
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ABSTRACT

The discovery of quasi-periodic oscillations (QPOs) in magnetar giant flares has opened up prospects for neutron
star asteroseismology. The scarcity of giant flares makes a search for QPOs in the shorter, far more numerous
bursts from soft gamma repeaters (SGRs) desirable. In Huppenkothen et al., we developed a Bayesian method for
searching for QPOs in short magnetar bursts, taking into account the effects of the complicated burst structure,
and have shown its feasibility on a small sample of bursts. Here we apply the same method to a much larger
sample from a burst storm of 286 bursts from SGR J1550−5418. We report a candidate signal at 260 Hz in a
search of the individual bursts, which is fairly broad. We also find two QPOs at ∼93 Hz, and one at 127 Hz, when
averaging periodograms from a number of bursts in individual triggers, at frequencies close to QPOs previously
observed in magnetar giant flares. Finally, for the first time, we explore the overall burst variability in the sample and
report a weak anti-correlation between the power-law index of the broadband model characterizing aperiodic burst
variability and the burst duration: shorter bursts have steeper power-law indices than longer bursts. This indicates
that longer bursts vary over a broader range of timescales and are not simply longer versions of the short bursts.

Key words: methods: data analysis – methods: statistical – pulsars: individual (SGR J1550−5418) –
stars: magnetic field – stars: neutron – X-rays: bursts

Online-only material: color figures

1. INTRODUCTION

Soft gamma repeaters (SGRs) represent a small class of
neutron stars whose slow spin periods and high spin-down rates
imply an unusually strong magnetic field in the excess of 1014 G.
Duncan & Thompson (1992) and Thompson & Duncan (1995)
predicted the existence of such objects, which they named
magnetars. SGRs are believed to be one of two observational
manifestations of neutron stars with an exceptionally strong
magnetic field; anomalous X-ray pulsars (AXPs) form the other
class of objects, although evidence suggests that there is no
clear-cut line between them, and recently a low magnetic field
source has been found (Rea et al. 2010).

The defining characteristic of SGRs are irregular bursts that
vary in duration from tens to hundreds of milliseconds and span
∼5 orders of magnitude in peak luminosity (1038 to 1043 erg s−1)
in hard X-rays <100 keV. However, there is a very rare type of
burst, the so-called giant flares, which have been only detected
three times in the past 34 yr from three different sources. These
reach peak luminosities of ∼1045 erg s−1 and are believed to be
powered by a catastrophic reordering of the magnetic field. Since
this field is coupled to the solid crust, Duncan (1998) suggested
that such large-scale reconfiguration might rupture the crust,
triggering global seismic vibrations that would be visible as
periodic modulations of the X-ray and γ -ray flux. This idea was
confirmed by the detection of quasi-periodic oscillations (QPOs,

i.e., stochastic processes that vary on a characteristic timescale)
in the expected range of frequencies (∼10–1000 Hz) in the
tails of giant flares from two different magnetars (Israel et al.
2005; Strohmayer & Watts 2005, 2006; Watts & Strohmayer
2006). SGR giant flares thus present outstanding test cases
for testing theories of neutron star structure and composition
models. Several intermediate flares, in energy and duration
between the short bursts and the giant flares, have also been
observed, but no QPOs have been found in these bursts (Watts
2012).

To date, there have been few searches for QPOs in recur-
rent bursts of magnetars. El-Mezeini & Ibrahim (2010) reported
QPO detections in a sample of bursts from SGR 1806−20
observed between 2 keV and 60 keV with the RXTE, how-
ever, a revised analysis incorporating variability in the burst
envelope showed that the reported QPOs are not significant
(Huppenkothen et al. 2013).

Finding QPOs in short SGR bursts is technically challenging:
as shown in Huppenkothen et al. (2013), standard Fourier
methods commonly used for this purpose fail when applied to
the short, highly variable burst light curves. The major difficulty
lies in the non-stationarity of magnetar bursts. The statistical
distributions generally used in Fourier analysis in astronomy
are strictly only valid for processes whose properties do not
vary over the duration of an observation. This is clearly not true
for an SGR burst: they are short events, exhibiting variability on
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Figure 5. Left: cumulative distribution of burst energy shown with a power law with � = -1.8± 0.3. Black vertical dashed line denotes the
corresponding completeness threshold (Ethreshold = 2⇥ 1037) applied. Red vertical dash-dotted line corresponds to the instrument sensitivity
threshold for bursts with duration 4.2 ms and bandwidth 175 MHz (the average values from our sample). All bursts are considered to have a
conservative fractional error of 30% on the measured fluence value from which energies are derived (Equation 1). Right: the power law slope
(�) determined via Maximum-likelihood estimation as a function of Ethreshold (each data point corresponds to a successive burst energy).
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Figure 6. Left: distribution of wait time between consecutive bursts. The distribution of combined wait times for both observations is shown in
grey, and the distribution for individual observations is shown in solid yellow (Observation 1) and dashed blue (Observation 2). The combined
distribution is fit with a log-normal function centered at 207±1 s, omitting the three smallest values. Right: logarithm of the flux ratios in pairs
of consecutive bursts as a function of their wait time. The ratio is taken as the fluence of the first burst (F1) to that of the second (F2). Markers
for Observation 1 are yellow and filled, and markers for Observation 2 are blue and hollow. A dashed line is shown along the zero value to
show the turnover between brighter first bursts and brighter second bursts.
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Propagation Effects
✴Vacuum birefringence is unimportant for radio frequencies 

✴The characteristic scale for both emission and propagation effects is 
the local plasma frequency
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✴ For 1 GHz emission, it must arise from about 7 R* or the plasma must be 
relativistic for transparency — both are plausible 

✴ PA may be “frozen in” by “adiabatic walking” of the X-mode within about 
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Summary and Outlook
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✴ Repeating FRBs like FRB 121102 are proposed to originate from magnetars 
undergoing crustal slippages which are known produce high-energy “magnetar short 
bursts” 

✴ Most (>50%) FRBs ought to yield short bursts, but not all short bursts result in 
FRBs 

✴ Future: time-coincidence confirmation for nearby FRBs with short bursts — must be 
very close O(1 Mpc) with current instruments 

✴ PA variation → conditions are sufficient that adiabatic walking can occur of radio 
propagation, so PA variation could be driven by geometry 

✴ Prediction: if bursts during slow heterogeneous untwisting, small DM variation may 
have the imprint of the rotator’s period 

✴ Prediction: find period in PA variation? Need a large (100s) sample of FRBs with PAs 

✴ Prediction: QPOs in large samples burst repetition clusters? 

✴ Prediction: Repetition clusters which persist beyond 1-2 s should be rare due to core-
crust damping 

✴ Prediction: Signals above a few MeV should not be seen in time-coincidence with 
FRBs  (but a MWNe may be present)
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FRBs and “Magnetar Short Bursts”
✴ Lognormality is just a parabola in log-log (low-order approximation of 

a humped distribution at the peak) 
✴ Lognormality of waiting times is observed in magnetar short bursts 

episodes → loguniform character in arrival timeNo. 2, 1999 GÖĞÜŞ ET AL. L95

Fig. 2.—Distribution of the waiting times between successive RXTE PCA
bursts from SGR 1900!14. The line shows the best-fit lognormal function.
The solid portion of the line indicates the data used in the fit. The excess of
short intervals above the model is due to the double-peaked events explained
in the text.

Fig. 3.—(a) Plot of mean waiting times until the next burst (D ) vs. mean!T
counts that does not show any correlation ( ), and (b) plot of meanr = 0.05
elapsed times since the previous burst (D ) vs. mean counts that shows a"T
strong anticorrelation ( ).r = "0.93

Fig. 4.—Scatter plot of the PCA fluence vs. duration for 281 SGR 1900!14
bursts that shows a correlation between them ( ). The solid line is ar = 0.54
power law with an exponent 1.13 obtained via least-squares fitting.

bution of energies with an exponent is valid for SGRg ≈ 1.66
1900!14 over 4 orders of magnitude.

4.2. Waiting-Time Statistics

We have measured the waiting times (DT) between succes-
sive bursts, uninterrupted by Earth occultation and data gaps,
for 779 events. Figure 2 shows the distribution of waiting times
that range from 0.25 to 1421 s. We fitted the (DT)-distribution
to a lognormal function and found a peak at ∼49 s. The solid
line in Figure 2 shows the interval used for the fit, and the
dashed lines are the extrapolations of lognormal distribution.
We do not include waiting times less than 2 s since these bursts
appear to be double-peaked events in which the second burst
peak appears shortly after the first one, although they are re-
corded as two distinct bursts. We were unable to generate a
DT-distribution for BATSE bursts because of the much smaller
number of events that occurred during a single orbital window.
In order to investigate any relations between waiting times

until the next burst (D ) and the intensity of the bursts, we!T
divided the sample of 779 events into eight intensity intervals,
each of which contains approximately 100 events. We fitted
theD -distribution to a lognormal distribution and determined!T
the mean D (i.e., where the fitted log normal distribution!T
peaks) and the mean counts for each of the eight groups. We
show in Figure 3a that there is no correlation between D !T
and the energy of the bursts (Spearman rank-order correlation
coefficient, , and the probability that this correlationr = 0.05
occurs by a random data set, ). We also searched forP = 0.91
the relation between the elapsed times since the previous burst
(D ) and the intensity of the bursts. Similar to the previous"T
case, we subdivided the events into eight intensity intervals
and determined the mean D by fitting it to a lognormal"T
distribution and the mean counts for each group individually.
Figure 3b shows that there appears to be an anticorrelation
between mean D and the burst energy ( ,"T r = "0.93 P =

)."48# 10

4.3. Burst Durations

Gutenberg & Richter (1956a, 1956b) demonstrated that there
is a power-law relation between the magnitude or energy of

the EQ events and the durations of the strong motion at short
distances from an EQ region. In order to investigate whether
a similar correlation exists for SGR events, we selected all 679
PCA bursts from the most active period of SGR 1900!14. In
order to determine the durations of the bursts accurately, we
used event-mode PCA data with a 1 ms time resolution. For
281 of the bursts selected, we obtained t90 durations (Koshut
et al. 1996) of the bursts. Figure 4 shows that burst energies
and durations are correlated ( , ), although"24r = 0.54 P ∼ 10
there is a significant spread of fluences at a given duration.

5. DISCUSSION

The power-law size distribution of SGR 1900!14 bursts
with an index is similar to those found for SGRg = 1.66
1806"20 (Cheng et al. 1996) and SGR 1627"41 (Woods et
al. 1999b). The lack of a high-energy cutoff in the differential
size distribution indicates that the highest energy events are
not well sampled in our distribution.
The distribution of waiting times between successive SGR

No. 2, 2000 GÖĞÜŞ ET AL. L123

Fig. 3.—Histogram of the waiting times between successive RXTE/PCADT
bursts from SGR 1806!20. The line shows the best-fit lognormal function.
The solid portion of the line indicates the data used in the fit. The excess of
short intervals above the model is due to the double peaked events as explained
in the text.

Fig. 4.—(a) Plot of lognormal mean waiting times till the next burst
( ) vs. mean total counts. No correlation is seen ( , )."DT r = !0.2 P = 0.70
(b) The plot of lognormal mean elapsed times since the previous burst
( ) vs. mean counts does not show any correlation either ( ,!DT r = 0.4 P =

).0.46

continuously observed the Galactic center region within which
SGR 1806!20 is located. It detected 134 bursts from the source
between 1979 January 7 and 1984 June 8 (Laros et al. 1987,
1990; Ulmer et al. 1993). Combining observational details
given by Ulmer et al. (1993) and energy spectral information
obtained by OTTB fits to bursts (at energies keV) givenE 1 30
by Fenimore, Laros, & Ulmer (1994) and Atteia et al. (1987),
we estimate that the ICE burst fluences range from 1.5#

to ergs cm!2 and their corresponding isotropic!8 !610 6.5# 10
energies are between and ergs.38 413.6# 10 1.6# 10

5. STATISTICAL DATA ANALYSIS AND RESULTS

From the previous three sections, we clearly see that the
BATSE and ICE detection sensitivities are quite similar, with
PCA extending the distribution to lower values.log N– log P
We now combine all databases to a common set, enabling
several statistical analyses.

1. Burst fluence distributions.—To eliminate systematic ef-
fects due to low count statistics or binning, we have employed
the maximum likelihood technique to fit the unbinned burst
fluences. A power law fit to 92 BATSE fluences between

and ergs cm!2 yields a power-law ex-!8 !65.0# 10 4.3# 10
ponent, (68% confidence level). Bursts withg = 1.76! 0.17
fluences below ergs cm!2 were excluded to avoid!85.0# 10
undersampling effects due to lower detection efficiency. Fig-
ure 2 shows the BATSE fluences binned into equally spaced
logarithmic fluence steps (circles). Similarly, we fit the 266
PCA fluence values between and ergs!10 !71.7# 10 1.9# 10
cm!2 to a power-law model and obtain a best-fit exponent value
of (see Fig. 2; diamonds for PCA). Finally, the1.43! 0.06
113 ICE fluences between and ergs!7 !61.8# 10 6.5# 10
cm!2 yield (see Fig. 2; squares for ICE). Weg = 1.67! 0.15
find that the power-law indices obtained for BATSE and ICE
agree well with each other, while the index obtained from PCA
is marginally lower.
We fit the ICE fluences to a power law times exponential

model and to a broken power-law model to search for evidence
of a turnover claimed by Cheng et al. (1996). Neither model
provides a statistically significant improvement over a single

power-law fit. It is important to note that there is no evidence
of a high-energy cutoff or a break in the energy distribution
(see Fig 2).
2. Waiting times distribution.—To measure the waiting

times between successive SGR 1806!20 bursts, we identified
22 RXTE observation windows containing two or more bursts
without any gaps. We then determined 262 recurrence interval
times DT (i.e., time difference between successive bursts). Fig-
ure 3 shows a histogram of the ’s, which range from 0.25DT
to 1655 s. We have fit the ( )-distribution to a lognormalDT
function and found a peak at ∼97 s (with ). This fit doesj ∼ 3.6
not include waiting times less than 3 s to avoid contribution
of double-peaked events in which the second peak appears
shortly (∼0.25–3 s) after the first one. To correct for biases due
to the RXTE observation window (∼3000 s), we performed
extensive numerical simulations and found that the intrinsic
peak of the distribution should be at ∼103 s. Note that ob-
servation windows with no bursts may represent a long-
waiting–time tail which is additional to the lognormal distri-
bution.

To investigate the relation between the waiting time till the
next burst ( ) and the intensity of each burst, we divided"DT
the 290 events sample into six intensity intervals, each of which
contains approximately 50 events. We fit the -distribution"DT
also to a lognormal distribution and determined each peakmean

(which range from 82 to 148 s) and the mean counts for"DT
each of the six groups. We show in Figure 4a that there is no
correlation between and the total burst counts (the Spear-"DT
man rank-order correlation coefficient with a prob-r = !0.2
ability that this correlation occurs in a random data set of

). Similarly, we investigated the relation between theP = 0.70
elapsed times since the previous burst ( ) and the intensity!DT
of the bursts. We find that mean extends from 77 to!DT
120 s. Figure 4b shows that there is also no correlation between
mean and the burst counts ( , ).!DT r = 0.4 P = 0.46

6. DISCUSSION

The fluence distributions of the SGR 1806!20 bursts seen
with ICE and BATSE are well described by single power laws

V. Savchenko et al.: Exceptional flaring activity of the anomalous X-ray pulsar 1E 1547.0-5408

Fig. 7. Distribution of the waiting times between subsequent bursts.

that the waiting time between subsequent bursts is always larger
than 1 s (≥10 times longer than the typical burst duration). The
difference between the minimal waiting times between subse-
quent bursts in 1E 1547.0-5408, reported here, and that of the
bursts of 1E 2259+586, reported by Gavriil et al. (2004), could
have four different explanations:

1. the bursts of 1E 2259+586 and of 1E 1547.0-5408 are phys-
ically different;

2. the RXTE observations of 1E 2259+586 missed the peak of
the bursting activity of the source;

3. a gap between the minimal waiting time and burst duration
in the 1E 2259+586 observations is related to the sensitivity
limit of RXTE (weaker bursts remained undetected);

4. the definition of “burst event” used by Gavriil et al. (2004)
slightly differs from the one used in our analysis3.

The most natural explanation seems to be the second one: dur-
ing the limited time of the RXTE observations an intermediate
state of activity of 1E 2259+586 was caught. This is clear from
the fact that the waiting time between the subsequent bursts in
the RXTE observations has systematically evolved toward higher
values during the observation. Such an evolution differs from
the one found in the case of 1E 1547.0-5408 (bottom panel of
Fig. 1), where the waiting time first decreases to the lower val-
ues as the source activity increases.

The arrival times of bursts of AXPs are found to be correlated
with the pulsed emission phase. In the case of 1E 1547.0-5408
this fact is diffi cult to verify, because the amplitude of the pulsed
quiescent X-ray emission is just some 7% of the quiescent X-ray
flux (Halpern et al. 2008). It is clear from Fig. 3c that the am-
plitude of the pulsed emission significantly increases during the
afterglows of the bright bursts. To test if the arrival times of
the individual bursts are correlated with the phase of the pulsed
radio/X-ray emission, one can

– study the distribution of the phases of arrival of the short
spikes and/or;

– compare the phases of the maxima of the pulsed tails of the
brightest bursts.

Figure 8 shows a comparison of the afterglows of three bright
bursts. The burst shown by the solid line is the brightest burst
b, the burst shown by the dashed line is the second brightest
burst c and the burst shown by the dotted line is a somewhat
weaker burst, which happened two hours after the main activity

3 E.g. two individual bursts with short waiting time Twaiting ≪ 1 s
might have been considered as a single multi-peaked burst in the analy-
sis of Gavriil et al. (2004).

2 4 6 8 10
(t−29676), seconds since IJD 3309.0

0

Fig. 8. Relative phases of the pulses of the burst afterglows. The green
dotted line shows a bust which occurred on January 22, 8:18 am. Black
solid line shows the brightest burst b shifted by 2671 periods forward
in time. The blue dashed line shows the second-brightest burst c shifted
by 2589 periods. The count rate of this burst is multiplied by a factor
of three to highlight the similarity with the time profile of the burst c.
The vertical solid and dashed line shows the phases of the maxima of
the pulses of the burst afterglows. The vertical solid lines are shifted by
∆φ = 0.25 with respect to the vertical dotted lines.

episode. To shift the lightcurves of the individual bursts by an
integer number of periods, we use the measurement of the pe-
riod of 1E 1547.0-5408 reported by Kuiper et al. (2009). From
this figure one can notice that although the phases of the maxima
of the pulsed afterglow do not coincide exactly, they are rather
close to each other. If the afterglow is due to emission from the
surface of the neutron star, this might indicate that the afterglows
of different bursts are produced by one and the same “hot spot”
on the neutron star’s surface or that the “trapped fireball” in the
neutron star’s magnetosphere always appears at the same lati-
tude/longitude. For comparison, we show in the same figure the
ACS lightcurve of the brightest burst b. The phase of the sharp
end of the afterglow of burst b is shifted by δφ ∼0.25 with re-
spect to the phases of the maxima of the pulsed afterglow emis-
sion of the other bursts. If the sharpness of the termination of the
afterglow of burst b is ascribed to the presence of pulsations in
the afterglow emission, the location of the afterglow-emitting re-
gion of this burst should be displaced. Otherwise, the difference
in the strength and shift in the phase between the afterglows of
the bursts b and c could be due to different physical mechanisms
of the afterglow production.

From Fig. 8 one can notice that, contrary to the pulsed after-
glows, the short spikes of different bursts do not arrive in phase.
This is confirmed by Fig. 9, which shows the distribution of the
number of bursts as a function of the phase of the pulsed emis-
sion. The phase φ = 0 is assumed to be the phase of the sharp
end of the afterglow of burst b. One can see that the phases of
the bright spikes are randomly distributed over the pulse period.

It is worth noting that the short spikes indeed seem to arrive
at random times and that properties (flux, arrival time) of the
spike are not correlated with the properties of the afterglows.
For example, the burst shown by the green dotted line in Fig. 8
has a sharp start of the afterglow, but does not possess an initial
spike at all. We have also found bursts in which the moment of
arrival of the short spike is delayed compared to the moment of
the onset of the “afterglow-like” emission.

The large effective area of the ACS detector enables us to de-
tect the bursts with a fluence down to three orders of magnitude
lower than the one of the brightest bursts. The distribution of the
burst fluences is shown in Fig. 10. The fluence distribution fol-
lows a power law with an exponent −0.5 ± 0.1 over a dynamic
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DISCOVERY OF MILLISECOND RADIO BURSTS FROM M87 
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ABSTRACT 
Highly dispersed radio pulses have been detected from M87 at radio frequencies of 430, 606, and 

1420 MHz. The pulse sweep rates scale with the third power of the observing frequency as expected 
from the cold plasma law. The sweep rates correspond to dispersion measures in the range 1-5 X 
103 parsec cm-3. The pulses frequently appear grouped together separated within the group by 
approximately 50 ms. Peak power levels of 100 Jy and temporal widths of a few ms for individual 
pulses are found, and the group repetition rate is of the order of 1 s-1. 
Subject headings: galaxies: individual—radio sources: galaxies 

The giant elliptical galaxy M87 in Virgo is an intense 
source of radio frequency radiation. Although at low 
frequencies most of the radiation is associated with a 
halo around the galaxy, at 5 GHz over 90% of the 
emission comes from a core region within 40" of the 
nucleus (Turland 1975). Within the core is a compact 
nucleus which contributes 1-3% of the total radio flux 
from a region less than 0''001 (Kellerman 1973). Optical 
measurements of M87 (Young et al. 1978) reveal an 
unresolved, anomalously bright central component as- 
sociated with high stellar velocity dispersion in the 
center of M87. 

These features have been attributed to a massive, 
compact object in the core of M87 with a mass of the 
order of 109 MQ (Sargent et al. 1978). Because the core 
has had a history of violent outbursts, as revealed by 
the presence of a knotty radial jet of high-velocity gas 
(Felten, Arp, and Lynds 1970), M87 is perhaps a source 
of bursts with a variety of time scales. 

We have investigated the possibility that M87 pro- 
duces radio pulses by observing M87 at the frequencies 
of 430, 606, and 1420 MHz. The observations were 
conducted on the Arecibo Observatory 1000 ft (305 m) 
radio telescope in the first two weeks of 1979 May. 

In this Letter we report the detection of highly dis- 
persed radio pulses at each observing frequency. These 
pulses had temporal widths of a few ms and swept at 
approximately 0.01 MHz ms-1 across the band at 
606 MHz. The sweep is a common feature of pulsar 
signals, where it is a direct result of the dispersive 
nature of interstellar plasmas. 

The pulses were detected by recording the frequency 
spectra of the radio telescope signals in real time. The 
frequency spectra were produced by use of a new real- 
time fast-Fourier transform (FFT) processor (Powell 
and Irwin 1978). The spectra were recorded by filling 
a high-speed memory buffer with 64 consecutive com- 
plex Fourier transforms of 1024 channels each, and 
then transferring the contents of the memory buffer to 
nine-track magnetic tape. Both the FFT processor 

1 Current address: General Electric Company, Research and 
Development Center, P.O. Box 8, Schenectady, New York 12301. 

and memory buffer are part of a new signal processing 
system we assembled for these observations. A descrip- 
tion of the signal processing instrumentation is sum- 
marized here. 

For the majority of our M87 observations the band- 
width of our instrumentation was 1.25 MHz, so that 
64 consecutive Fourier transforms filled the memory 
buffer in 51.2 ms. Since 10 s was required to transfer 
the contents of the buffer to tape, our duty cycle was 
only 0.5%. Each event, consisting of 64 FFTs, was 
triggered by an external clock. Unfortunately, our low 
duty cycle made measurement of pulse periods longer 
than 50 ms impractical. Consequently we did not at- 
tempt detection of weaker, periodic pulses with pulsar 
repetition rates. In addition, we were not able to deter- 
mine if the pulses recur at a > 1 hr-1 rate appropriate 
for the rotation of a supermassive black hole. 

Pulses are evident in approximately one event in 20 
as a thin, statistically significant enhancement of signal 
power drifting down in frequency with time. The 
clearest results are seen in frequency-versus-time plots 
of signal power, where the signal power is plotted as a 
level of gray. An example of these pulses at the three 
observing frequencies is shown in Figure 1. The bright- 
est of the pulses have peak power levels comparable to 
Virgo A, about 500 Jy at 430 MHz, and steeper spectra. 

The sweep G, or rate of change of frequency with 
time, of the pulses appears to depend on the observing 
frequency as /3. This dependence is seen in Figure 2 as 
the scaling of the sweep rate distribution with /0bs3- 
Using the cold plasma dispersion relation, DM = 
(9584/G) (/o/400)3, to relate the dispersion measure 
DM in parsec cm-3 to G in MHz ms-1 and/o in MHz, a 
dispersion measure is assigned to each pulse. The dis- 
tribution of sweep rates and dispersion measures shows 
that on the average the dispersion of the pulses scales 
in frequency according to the cold plasma relation. 
Consequently the dispersion is most likely associated 
with weak plasmas along the direction of propagation, 
and an extraterrestrial origin for the pulses is strongly 
favored. The scaling of the sweep rate with frequency, 
and the magnitude of the dispersion measure are con- 
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• Millisecond duration 
• Multiple repetitions in clusters 
• Luminosity of 1040 erg/s 
• Frequency drifts?

The First Repeating FRB?

Exhibited features associated with modern 
repeating FRBs: Unconfirmed in observations 

which followed, but these did 
not rule out episodic behavior 
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

Frequency Drifts

 

 

Extended Data Figure 1: Sub-pulse frequency drift rates. Sub-pulse model fits for the (a) 
September 17 CHIME/FRB burst and the (b) October 28 CHIME/Pulsar burst. Dedispersed 
intensity data (DM=189.4 pc cm−3), the best-fit model and residuals, as well as the summed time 
series are shown. Only the half of the receiver bandwidth in which the burst was detected is used 
in the analysis. The colour scale for the intensity data and residuals is clipped to ±3σ from the 
median of the residual data and a divergent rather than a sequential colour scale is used for the 
residuals to guide the eye. Red points overlaid on the models show the centre frequency and 1σ 
statistical uncertainty with a 10-MHz systematic error added in quadrature. The red dashed lines 
show linear drift rates of −6.4 and −1.3 MHz ms−1. 
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